INTRODUCTION
============

Faithful segregation of replicated chromosomes is an essential cell function. Accurate segregation of sister chromatids occurs when one sister kinetochore becomes attached to kinetochore microtubules (kMTs) extending toward one pole and the second sister becomes attached to kMTs toward the opposite pole (chromosome biorientation; amphitelic kinetochores). Mammalian kinetochores typically have 20--25 kMTs, which form the core of kinetochore fibers extending between kinetochores and poles during metaphase ([@B37]; [@B33]). Bioriented chromosomes with amphitelic kinetochores become aligned near the spindle equator at metaphase with their centromeres stretched by net pulling forces at sister kinetochores ([@B15]; [@B40]; [@B27]). Tension from centromere stretch is important for stabilizing kMT attachment ([@B36]; [@B27]; [@B41]).

Bioriented chromosomes with amphitelic kinetochores in many mammalian tissue cells in culture exhibit three coupled oscillations at metaphase: oscillations in the distance of sister kinetochores from their poles, oscillations in the centroids of centromeres back and forth across the equator, and oscillations in the stretch of the centromere between sister kinetochores ([@B50]; [@B16]). These oscillations are coupled to changes in kinetochore fiber length in a way that maintains a net stretch of the centromere; compression rarely occurs ([@B21]; [@B51]; [@B27]). Although poorly understood, the mechanisms producing these metaphase chromosome oscillations are important because they are produced by the same spindle and kinetochore mechanisms that control metaphase chromosome alignment and anaphase chromosome segregation ([@B27]). Not all amphitelic kinetochores at metaphase oscillate, and regular oscillations can switch to irregular movement ([@B26]). What causes the regular oscillations to stop is unknown. Chromosomes can also become bioriented near the metaphase plate, with one or both sister kinetochores attached to kMTs extending from both poles (instead of just one), and these merotelic kinetochores do not oscillate or exhibit normal anaphase movements ([@B7], [@B8]).

A number of factors are believed to contribute to oscillations of chromosomes with amphitelic kinetochores in vertebrate tissue cells: kinetochore directional instability ([@B44]); poleward microtubule (MT) flux ([@B34]; [@B35]); tension from stretch of the centromere produced by polar ejection forces on the chromosome arms, the relative movements of sister kinetochores, and/or kMT poleward flux ([@B38]; [@B44]; [@B6]; [@B39]; [@B25]); and changes in protein concentration at kinetochores that depend on kinetochore fiber length ([@B48]; [@B31]; [@B12]; [@B45]; [@B16]; [@B10]) or kMT dynamic instability ([@B46]; [@B2]).

In this article, we investigate the dynamic features of kinetochore directional instability required for regular oscillations in centromere stretch for normal bioriented chromosomes within the middle of metaphase spindles in PtK1 mammalian tissue cells. Oscillations in centromere stretch have been poorly resolved in many previous studies that measured the kinetics of chromosome or kinetochore oscillations using phase or differential interference contrast microscopy to track the leading edges of the centromere region relative to the spindle poles ([@B44]; [@B21]). More recent studies of oscillations within Ptk2 and human tissue cells tracked the position of fluorescent markers for kinetochores to improve the accuracy of locating the true position of the kinetochore ([@B53]; [@B45]; [@B11]; [@B16]), but their kinetic analysis lacked information about the location of the spindle poles and about velocity variation during kinetochore P and AP movements. In addition, the kinetochore fibers in the HeLa cells studied are often highly curved and difficult to image between kinetochore and pole. PtK1 cells are much flatter than human cells and have much straighter kinetochore fibers. Accurate tracking of kinetochore movements relative to their fibers and to their poles and measurements of oscillation amplitude and frequency are necessary to understand the oscillation mechanism ([@B16]; [@B49]). We are able to measure kinetochore-to-pole distances by tracking different color fluorescent markers for kinetochores, spindle fibers, and poles. With this technology, we measured nonlinear kinetic profiles for kinetochore P and AP movements and key switch points in the dynamic instability of kMTs that appear necessary to produce the normal oscillation in centromere stretch at twice the frequency of kinetochore directional instability.

RESULTS
=======

To label kinetochores and spindle poles, we microinjected PtK1 cells with a low dose of Alexa 488--labeled antibody to the peripheral kinetochore protein CENP-F and coinjected X-rhodamine--tubulin to label MTs. Injected cells exhibited normal progression through mitosis and accuracy in chromosome segregation ([@B7], [@B8]; [@B4]). Time-lapse images were obtained at 15- or 20-s intervals at 35°C with a spinning disk confocal microscope to give high-contrast images and avoid effects of photobleaching ([Figure 1A](#F1){ref-type="fig"}). A custom Matlab program was written to identify and track the centroids of fluorescent sister kinetochore pairs and the spindle poles ([Figure 1B](#F1){ref-type="fig"}; [@B50]; *Materials and Methods*). For each frame, the distance between kinetochores and their poles, the distance between the kinetochores and one pole, and the distance between sister kinetochore pairs were calculated from centroid *x*, *y* values ([Figure 1, B and C](#F1){ref-type="fig"}).

![Measurements of normal kinetochore and centromere oscillations for bioriented chromosomes in metaphase spindles of PtK1 cells. (A) PtK1 cell with fluorescently labeled kinetochores (green), spindle poles (green), and MTs (red). (B) Image of spindle in our Matlab analysis interface with labeled kinetochores and poles selected for time-lapse motion analysis of fluorescent centroid positions. (C) Spindle diagram with labels used for kinetochores and spindle poles in our measurements. Plots of kinetochore-to-pole distance (in red and blue) and K-K distance (in black) between sister kinetochores for two nonoscillating chromosomes at the spindle periphery (D) and two oscillating sister kinetochores in the same cell (E). Switch points on K-P curves and maximum K-K distance were recorded (see E). The time resolution (15--20 s) did not allow detailed analysis of the switch in directional instability to determine whether the switch is instantaneous or there is a pause around the switch point. If such a pause exists, the switch point would correspond to the mid time point of the pause period. (F) Kinetic plots for the oscillating sister pair in D, identifying switches in direction of movement (open and closed circles) relative to the maximum (black vertical lines) and minimum (red vertical lines) points in K-K centromere stretch and the position of the center of the centromere between sister kinetochores (dotted curve). Top, plot of K-K distance. Bottom, plots of sister kinetochore positions and the center of the centromere relative to the spindle equator calculated from (P2 − P1)/2.](1035fig1){#F1}

At metaphase, chromosomes at the periphery of the spindle exhibited erratic movements but no continuous oscillations ([Figure 1D](#F1){ref-type="fig"}; [@B4]; [@B8]), whereas chromosomes in the middle of the spindle exhibited nearly continuous oscillations ([Figure 1, E and F](#F1){ref-type="fig"}, and Supplemental Movie S1). Within a given cell, the interkinetochore (K-K) centromere length of both nonoscillating and oscillating chromosomes became stretched beyond a rest length of ∼1.1 μm ([@B14]) to a similar average value ([Figure 1D](#F1){ref-type="fig"}). In [Figure 2](#F2){ref-type="fig"}, we plot for each cell analyzed the average K-K distance for both nonoscillating and oscillating bioriented chromosomes. Both increase with mitotic progression, and the average K-K centromere length of nonoscillating kinetochores is ∼1.28 times the average and 0.93 times the peak values exhibited by oscillating kinetochores ([Figure 2](#F2){ref-type="fig"}). At metaphase, sister kinetochores of both nonoscillating and oscillating kinetochores are pulled poleward by the same average rate of kMT poleward flux, ∼0.65 μm/min ([@B4]). The reason chromosomes at the periphery of the spindle do not oscillate is unknown. It may depend on weaker polar ejection forces ([@B23]) or high concentrations of the kinesin 8, Kif18A, at these kinetochores due to their long kinetochore fibers ([@B45]). However, this study will focus on the oscillating chromosomes in the middle of the spindle.

![Average and maximum K-K centromere stretch for normally bioriented chromosomes increases with mitotic progression. Average (A) and maximum (B) K-K centromere stretch for oscillating kinetochores, as well as nonoscillating kinetochores, plotted for each cell analyzed in prometaphase (open squares) through metaphase (solid circles). The rest length of the centromere is ∼1.1 μm in cells treated with nocodazole to inhibit MT assembly ([@B14]). The solid lines are a least-squares fit through the data.](1035fig2){#F2}

Oscillations in centromere stretch occur at twice the frequency of kinetochore directional instability
------------------------------------------------------------------------------------------------------

To compare the oscillation in K-K centromere stretch to that of kinetochore directional instability, the discrete Fourier transform was applied to each sister kinetochore-to-pole distance and their K-K separation ([Figure 3](#F3){ref-type="fig"}). Sister kinetochores oscillated at the same frequency, with a period close to 4 min/cycle ([Figures 1, E](#F1){ref-type="fig"} and [F](#F1){ref-type="fig"}, and [3, A](#F3){ref-type="fig"} and [B](#F3){ref-type="fig"}). The same period was exhibited for chromosome oscillations back and forth across the spindle equator, as measured by the position of the center of the centromere between sister kinetochores ([Figure 1F](#F1){ref-type="fig"}). In contrast, centromere stretch oscillated with a period of ∼2 min/cycle, or twice the frequency of kinetochore-to-pole and chromosome oscillations ([Figures 1, E](#F1){ref-type="fig"} and [F](#F1){ref-type="fig"}, and [3](#F3){ref-type="fig"}).

![K-K centromere oscillations occur with half the period of kinetochore-to-pole oscillations. Fourier transform analysis of kinetochore-to-pole oscillations (A, B) and K-K oscillation (C) for the oscillating kinetochore pair in [Figure 1, E and F](#F1){ref-type="fig"}. In each graph, the peak value represents the oscillation period. The peaks in A and B indicate the oscillation period of a sister kinetochore pair. Both values of oscillation in A and B are near 4 min. The peak in C shows K-K oscillation for the sister kinetochores in A and B. The value in C is ∼2 min.](1035fig3){#F3}

K-K centromere oscillation at twice the frequency of kinetochore directional instability requires asymmetric P and AP kinetics
------------------------------------------------------------------------------------------------------------------------------

To investigate which kinetic parameters of kinetochore directional instability double the frequency of K-K centromere stretch, we generated simulations with different waveforms for P and AP movements (Supplemental Figure S1). For kinetochore oscillations with sinusoidal kinetics (Supplemental Figure S1A) or symmetric triangular wave kinetics where P and AP movement exhibit similar constant velocity, as reported for newt spindles ([@B44]; [@B19]; Supplemental Figure S1B), the frequency of K-K centromere oscillation was the same as for kinetochore directional instability regardless of the phase difference between the oscillations of the sister kinetochores (unpublished data). Further simulations (Supplemental Figure S1C) showed that K-K oscillations at twice the frequency of kinetochore-to-pole oscillations can occur for constant-velocity kinetic profiles of P and AP movement as long as they are sufficiently asymmetric (different velocities and durations of movement) and out of phase, as occurs in vivo ([Figure 1, D and F](#F1){ref-type="fig"}). This result indicates that asymmetry in the kinetics of P and AP movement is critical for doubling the frequency of K-K centromere oscillations relative to kinetochore directional instability.

Kinetochore P and AP movements in PtK1 cells are nonlinear and different
------------------------------------------------------------------------

In PtK1 cells, we found that the kinetic profiles of P and AP movement were very nonlinear, as shown for the average kinetic profiles for P and AP movements in [Figure 4, A and B](#F4){ref-type="fig"}. There was also a large variation in velocity during P and AP movements ([Figure 4, C and D](#F4){ref-type="fig"}) not exhibited by kinetochore directional instability in newts ([@B44]; [@B19]). In addition, both the kinetic profiles and velocity profiles during P and AP movement were distinctly different ([Figure 4](#F4){ref-type="fig"}). For example, after a switch to P movement, the now leading kinetochore gradually reaches its maximum velocity poleward and then gradually slows before it switches direction to AP movement. In contrast, upon switching to AP movement, the kinetochore quickly reaches maximum speed and then slows gradually during the remainder of AP movement ([Figure 4, C and D](#F4){ref-type="fig"}).

![Kinetochore P and AP movements are not linear and different. Kinetic profiles of normalized P (A) and AP (B) movement. For each P or AP movement between two adjacent switch points (e.g., open and closed circles in [Figure 1F](#F1){ref-type="fig"}), the individual kinetochore-to-pole distance trajectory was extracted. Each trajectory was then scaled so it began at 0 and ended at 1 in both displacement and time, and then these normalized curves were all plotted together on the same axes. Because the number of data points from an individual trajectory was limited by the frame interval, the data points from different trajectories were random samples of P and AP movements. On average they presented all the time points for both P and AP movements, not just a few separate ones limited by the frame interval. The scattering of the data points was largely contributed by the differences in motion among the populations of P and AP movements. The solid lines through the kinetic data in A and B were obtained by nonlinear least-squares fitting with no constraints on velocity at the beginning and end of the movements; the dotted lines were constrained to zero velocity at the beginning and end of P movement and the end of AP movement as described in the text. Polynomial curve fitting was used to obtain the average kinetic profiles. Norm of residuals of both P and AP curves (2.9 for both) was significantly smaller than the norm of residuals of linear fitting (3.2 for P and 3.5 for AP), indicating that curve fitting was better than linear fitting. Normalized P (C) and AP (D) velocity kinetics were obtained from the derivatives of the polynomial curves in A and B, respectively. During P movement (C), the kinetochore slowly gains velocity, achieving peak velocity in the middle of the movement and then slowing down before switching to AP movement. During AP movement (D), the kinetochore rapidly reaches peak velocity and then slows to nearly zero before switching to P movement. In our experiments, the image acquisition rate was not high enough to capture the transient moment at both the beginning and the end of P and AP movement. Such sampling error made the velocities from the derivatives at those points close but not equal to zero. Constrained fitting solved such problem (dotted lines in A and B; see the text for details).](1035fig4){#F4}

For kinetochore directional instability in metaphase PtK1 cells, the average velocity of P movement is ∼20% faster than the average velocity of AP movement (1.1 vs. 0.9 μm/min, respectively, a difference that is statistically significant; [Table 1](#T1){ref-type="table"}). The average duration of P movement is ∼20% shorter than AP movement, but the distances traveled in P movement and AP movement are on average about equal ([Table 1](#T1){ref-type="table"}).

###### 

Measurements of P and AP movement for metaphase, prometaphase, and monopolar spindles.

  -------------------------------------- ------------------------------------------------------------------------------------ ------------------------- ---------------------- ------
                                         P movement (n = 161)                                                                 AP movement (n = 161)                            
  **Metaphase**                          Average                                                                              SD                        Average                SD
  Average velocity (μm/min)              1.14                                                                                 0.35                      0.94                   0.28
  Average distance (μm)                  1.91                                                                                 0.68                      1.82                   0.69
  Average duration (min)                 1.71                                                                                 0.44                      2                      0.69
                                         Depolymerization/polymerization phases (assuming kMT poleward flux at 0.65 μm/min)                                                    
                                         Depolymerization (n = 97)                                                            Polymerization (n = 87)                          
  **Metaphase**                          Average                                                                              SD                        Average                SD
  Average distance (μm)                  1.17                                                                                 0.42                      3.61                   0.85
  Average duration (min)                 1.47                                                                                 0.37                      2.55                   0.73
  **Metaphase**                                                                                                                                                                
  Average nonoscillating K-K distance    2.22 μm                                                                                                                               
  Average oscillating K-K distance       2.05 μm                                                                                                                               
  Average oscillating K-K max distance   2.44 μm                                                                                                                               
  Average oscillating K-K min distance   1.62 μm                                                                                                                               
                                         P movement (n = 19)                                                                  AP movement (n = 19)                             
  **Monotelic**                          Average                                                                              SD                        Average                SD
  Average velocity (μm/min)              1.27                                                                                 0.48                      1.06                   0.35
  Average distance (μm)                  1.76                                                                                 0.48                      1.7                    0.55
  Average duration (min)                 1.49                                                                                 0.48                      1.68                   0.5
                                         P movement (n = 87)                                                                                            AP movement (n = 89)   
  **Prometaphase**                       Average                                                                              SD                        Average                SD
  Average velocity (μm/min)              1                                                                                    0.37                      0.78                   0.27
  Average distance (μm)                  1.32                                                                                 0.6                       1.22                   0.61
  Average duration (min)                 1.38                                                                                 0.56                      1.56                   0.63
  -------------------------------------- ------------------------------------------------------------------------------------ ------------------------- ---------------------- ------

P movement occurs for a slightly longer distance each cycle compared with AP movement. This is because there is a slow shortening of the pole-to pole distance typical of late prometaphase and metaphase cells ([@B22]; [@B7]).

These major features of the nonlinear kinetics of kinetochore directional instability observed for bioriented chromosomes at metaphase were also observed for bioriented chromosomes in late prometaphase cells, where a few chromosomes had not become bioriented and congressed to the spindle equator (Supplemental Figure S2 and [Table 1](#T1){ref-type="table"}), and for mono-oriented chromosomes within monopolar spindles with one attached kinetochore (monotelic; Supplemental Figure S3 and [Table 1](#T1){ref-type="table"}). The only major differences between metaphase and prometaphase were a ∼30% shorter period and a ∼20% shorter distance traveled during oscillations ([Table 1](#T1){ref-type="table"}) and a ∼25% decrease in the average centromere stretch ([Figure 2](#F2){ref-type="fig"}). All the similarities in the nonlinear kinetic profiles of kinetochore P and AP movement between monopolar and bipolar spindles show that the basic mechanisms responsible for the nonlinear kinetics are likely intrinsic to the polar MT arrays and the kinetochore, including how well dynamic instability is synchronized for the ∼25 kMTs.

MT poleward flux makes the kinetics of kMT plus-end dynamic instability different from kinetochore directional instability in several ways
------------------------------------------------------------------------------------------------------------------------------------------

Without kMT poleward flux, switching between the depolymerization and polymerization phases occurs at the same time as switching between P and AP movements, respectively. This is because the relative movement of the kMT plus end to the pole is the same relative movement to the MT lattice. Also, force generation coupled to kMT depolymerization is the only mechanism moving the kinetochore poleward. However, the presence of kMT poleward flux at 0.65 μm/min average velocity in metaphase PtK1 cells makes the situation more complex ([@B4]), as illustrated in Supplemental Figure S4F for time points labeled 1--10 in [Figure 5](#F5){ref-type="fig"}. In [Figure 5](#F5){ref-type="fig"}, oscillations in kinetochore P and AP movements relative to a pole are compared with cycles of kMT plus-end depolymerization and polymerization measured relative to the MT lattice. The depolymerization and polymerization cycles were obtained by adding the constant flux rate of 0.65 μm/min to the kinetics of kinetochore-to-pole movement. Although fluorescence speckle analysis showed that the flux rate varies, the average value of flux rate remains constant regardless of the lateral position of the kMT fiber (inner or outer), the polymerization or depolymerization states, and the centromere stretch ([@B4]; [@B11]). As a result, when the rate of polymerization at a kinetochore initially exhibiting AP movement slows to \<0.65 μm/min, the kinetochore remains in the polymerization phase but switches to P movement because the polymerization rate becomes slower than the poleward flux velocity ([Figure 5](#F5){ref-type="fig"}, point C at ∼6 min). When the kinetochore subsequently switches to depolymerization ([Figure 5](#F5){ref-type="fig"}, point A at ∼7 min), P velocity becomes much faster, reaching a peak in the middle of P movement and then slows. The kinetochore switches from slow depolymerization to slow polymerization ([Figure 5](#F5){ref-type="fig"}, point B at ∼8 min), but the kinetochore persists in P movement until the rate of polymerization accelerates to exceed the rate of poleward flux ([Figure 5](#F5){ref-type="fig"}, point D at ∼ 8.5 min). Then the kinetochore switches into AP movement. At that time, the velocity of polymerization rapidly increases, producing a rapid increase in kinetochore AP velocity to a maximum rate. A similar pattern is repeated for subsequent cycles of kinetochore-to-pole oscillation, but the intervals between switches in phases and switches in directions are variable ([Figure 5](#F5){ref-type="fig"}).

![MT poleward flux makes the kinetics of kMT plus-end dynamic instability different from kinetochore directional instability. The kinetics of depolymerization and polymerization (top) were obtained by adding the constant flux rate of 0.65 μm/min to data for kinetics of kinetochore-to-pole movement (bottom). The average slope of repetitive phases of kMT plus-end depolymerization and polymerization is 0.65 μm/min, the net polymerization rate from kMT poleward flux. In contrast, the average slope of kinetochore directional instability is about zero. Both the velocities of polymerization and depolymerization slow down before switching to the other phase. A and B indicate switch points, and the labels 1--10 along the *x*-axis correspond to schematic diagrams in Supplemental Figure S4F.](1035fig5){#F5}

Overall, the combination of gradual transitions between states of kMT plus-end polymerization and depolymerization and poleward flux of kMTs at an average of 0.65 μm/min leads to the following: 1) AP-to-P switches occur before switching from polymerization to depolymerization; 2) P-to-AP switches occur after switching from depolymerization to polymerization; 3) the duration of depolymerization is shorter than P movement; 4) the duration of polymerization is longer than AP movement; and 5) the average depolymerization rate of kMTs is slower than their average polymerization rate.

kMT plus-end dynamics is correlated with centromere K-K oscillation
-------------------------------------------------------------------

We measured the average times for switching between P and AP and polymerization and depolymerization relative to the time when the centromere reaches its maximum and minimum stretch ([Table 2](#T2){ref-type="table"}). Maximum K-K centromere stretch was achieved most often when the leading kinetochore switched from depolymerization to polymerization (*t* test, p \> 0.05). In contrast, on average the switch from P to AP for the initially leading kinetochore lagged 0.15 min behind the time of maximum centromere stretch (*t* test, p \< 0.01). After the initially leading kinetochore switched to AP movement, the trailing kinetochore did not immediately switch to P movement. On average, there was a 0.13-min lag before it switched to P movement (*t* test, p \< 0.01) and became the leading kinetochore and a 0.39-min lag before it switched to depolymerization (*t* test, p \< 0.01) and substantially increased P velocity. The initially trailing kinetochore switched to the depolymerization phase on average 0.14 min before the minimum in centromere K-K stretch (*t* test, p \< 0.01). It is worth noting that the standard deviations for the different switch points relative to the time of maximum K-K stretch were large ([Table 2](#T2){ref-type="table"}), indicating that all the switches were very stochastic.

###### 

Timing of switches between P and AP and switches between polymerization and depolymerization relative to the maximum and minimum K-K distance.

                                           Simulation results (min)   
  ------------------------- -------------- -------------------------- -------
  Maximum KK                0              0                          0
  Leading depoly to poly    0.05 (±0.27)   −0.15                      −0.05
  Leading P to AP           0.15 (±0.30)   0.04                       0.15
  Trailing AP to P          0.28 (±0.45)   0.17                       0.28
  Trailing poly to depoly   0.54 (±0.22)   0.36                       0.47
  Minimum KK                0.68 (±0.21)   0.77                       0.68

Measurements from experimental data and simulations of leading and trailing kinetochore switches between P and AP movements and switches between net polymerization (poly) and net depolymerization (depoly) relative to the maximum and minimum in K-K centromere stretch are shown. Simulations of constrained fitting (set velocity to zero at the beginning and end of P movement and at the end of AP movement) and unconstrained fitting are compared. The trailing polymerization-to-depolymerization switch time of 0.54 (±0.22) min was derived from subtracting its switch time of 0.14 (±0.22) min before minimum KK from the time between minimum and maximum KK.

Kinetic features of sister kinetochore directional instability that double the frequency of K-K centromere oscillations
-----------------------------------------------------------------------------------------------------------------------

We used computer simulations to generate plots of sister kinetochore directional instability and associated oscillations in K-K centromere stretch ([Figure 6A](#F6){ref-type="fig"}) based on the average kinetochore profiles of kinetochore P and AP movement ([Figure 4, A and B](#F4){ref-type="fig"}) and the average switching times ([Table 2](#T2){ref-type="table"}). Two types of simulation were performed. The first used kinetic profile curve fitting with no velocity constraints at the start and the end of P and AP movements (solid lines in [Figure 4, A and B](#F4){ref-type="fig"}). The second constrained the curve fitting to yield zero velocities at the beginning and end of P movement and at the end of AP movement (dotted lines in [Figure 4, A and B](#F4){ref-type="fig"}), which produced the velocity profiles in [Figure 6B](#F6){ref-type="fig"} for P and AP movement. The simulation based on the constrained curve fits ([Figure 6A](#F6){ref-type="fig"}) matched better the measured switching data ([Table 2](#T2){ref-type="table"}). This result also indicates that the curve fitting in [Figure 4](#F4){ref-type="fig"} is close to the average P and AP profiles.

![Kinetic features of sister kinetochore directional instability that double the frequency of K-K centromere oscillations compared with the frequency of oscillation of sister kinetochores and the center of the centromere in metaphase PtK1 cells. (A) Reconstruction of sister kinetochore oscillation relative to the equator and K-K oscillation based on the velocities in B. (B) Reconstructions of P and AP velocities for a pair of sister kinetochores (in blue and red). AP end velocity and P start and end velocities were constrained to zero for average kinetic profiles of P and AP movement (dotted lines in [Figure 4](#F4){ref-type="fig"}). Only AP start velocity was not constrained. Average times for maximum and minimum K-K centromere stretch were obtained from [Table 2](#T2){ref-type="table"}. (C) Diagram of metaphase PtK1 cells. (D) Diagrammatic representation of half cycle of K-K centromere stretch for an oscillating chromosome, such as the one circled in (C). The half cycle begins before maximum stretch (time set equal to zero on the left-hand vertical axis) and ends just after minimum stretch. Initially, the left sister kinetochore is in depolymerization phase moving P and is the leading kinetochore pulling the sister pair across the equator (vertical line) and into the left half-spindle. The right sister kinetochore is the trailing kinetochore in polymerization phase and moving AP. The average times of switching between depolymerization/polymerization phases and P/AP movements are given on the left time axis as measured in [Table 2](#T2){ref-type="table"}. The average magnitudes of P and AP velocities as a function of time are indicated by the length of the arrows next to each kinetochore. Net polar ejection force, which increases with distance from the equator (assumed linear here), is shown at the bottom. See the text for more details.](1035fig6){#F6}

In the diagrams in [Figure 6, C and D](#F6){ref-type="fig"}, we provide a detailed description of how, on average, K-K centromere oscillations occur at about twice the frequency of sister kinetochore directional instability, based on our kinetic and switching time measurements. The magnitudes of kinetochore velocity (lengths of arrows) are derived from the P and AP velocity profiles in [Figure 6B](#F6){ref-type="fig"} for metaphase cells, and the times for switching between P and AP movement and between depolymerization/polymerization phases are from [Table 2](#T2){ref-type="table"}. To start, the left sister kinetochore is leading and pulling the center of the centromere across the spindle equator. At that time there is increasing centromere stretch because the P velocity of the leading kinetochore is greater than the AP velocity of the trailing kinetochore. At the time of maximum centromere stretch (set to zero time on the vertical axis), the P velocity of the leading kinetochore has decreased to equal the AP velocity of the trailing kinetochore. Shortly afterward (0.05 min), the leading kinetochore switches from net depolymerization to net polymerization, but the initial rate of polymerization is less than the poleward flux rate of kMTs, and the leading kinetochore continues in P movement. Because the trailing kinetochore is moving faster in AP movement, the K-K centromere stretch decreases. At 0.15 min, the rate of net polymerization has increased above the rate of flux, and therefore the leading kinetochore switches to AP movement, increasing the rate at which K-K centromere stretch is reduced, since now both sisters are exhibiting AP movement. The initially trailing kinetochore switches from AP to slow P movement at 0.28 min because the net rate of polymerization has decreased to less than the flux rate. The K-K stretch of the centromere continues to decrease because the AP velocity of the initially leading sister kinetochore is larger than the P velocity of initially trailing kinetochore. The initially trailing kinetochore switches to depolymerization at 0.54 min when the P velocity becomes greater than the flux velocity. At 0.68 min, the AP velocity of the initially leading kinetochore has decreased and the P velocity of the initially trailing kinetochore increased to equal each other, so there is no longer a change in K-K centromere stretch, and a minimum is reached. Subsequently, the AP velocity of the initially leading kinetochore decreases and the P velocity of the initially trailing kinetochore increases, enhancing the K-K centromere stretch and beginning another half cycle in K-K centromere oscillation.

Note that at the minimum K-K centromere length, ∼1.6 μm on average ([Table 1](#T1){ref-type="table"}), the centromere is still stretched above the rest-length of ∼1.1 μm measured in the presence of nocodazole ([@B14]). The K-K centromere length was less than the 1.1 μm rest length for only 1% of the time in metaphase and 4% in prometaphase. The average K-K values below the rest length in both metaphase and prometaphase were above 1 μm and very close to the rest length. This means that the centromere is rarely compressed, and an AP kinetochore normally does not actually push the centromere when it comes closer to the P kinetochore, as reported earlier for newt cells ([@B52]).

DISCUSSION
==========

What produces the nonlinear kinetic profiles of kinetochore directional instability in PtK1 tissue cells?
---------------------------------------------------------------------------------------------------------

There are four potential sources for the nonlinear kinetic and velocity profiles that differ between P and AP movement in PtK1 cells. One is the difference in force generation at kinetochores in phases of depolymerization and polymerization. In depolymerization, the force at the kinetochore is the active force coupled to MT depolymerization minus a resistive force produced by the movement of the kMT plus-end attachment sites poleward over the MT lattice. In polymerization in PtK1 cells, there is only a resistive force ([@B21]; [@B25]; [@B27]). The resistive forces at kinetochores are produced by the dynamics of nonmotor and motor protein links, such as the Ndc80 complex, cytoplasmic dynein, or CENP-E, to the lattice of kMT within kinetochore attachment sites ([@B25]). The resistive forces may be different in magnitude between depolymerizing and polymerizing kinetochores.

A second source is a dependence of P and AP velocity on centromere tension in PtK1 cells that is not seen in newt cells or grasshopper spermatocytes, where kinetochore P velocity appears to be "load independent" ([@B44], [@B42]; [@B43]; [@B6]; [@B36]). For the leading kinetochore in PtK1 cells, the P velocity becomes slowest at the end of P movement, when centromere stretch is near a maximum. Conversely, the AP velocity is highest near maximum centromere stretch ([Figure 1, E and F](#F1){ref-type="fig"}). In this regard, [@B1] recently showed that increasing tension applied to isolated yeast kinetochore complexes attached to the plus ends of pure tubulin MTs produces a moderate increase in the polymerization velocity and a substantial decrease in depolymerization velocity.

Third, there are factors whose concentration at kinetochores are proposed to increase with kinetochore fiber length. One such factor in human cells is Kif18A. Kif18A slows polymerization and depolymerization of MT plus ends ([@B45]; [@B10]; [@B16]). This would help produce the reduction in AP velocity of the trailing kinetochore toward the end of AP movement---a reduction that would promote centromere stretch by the P movement of the leading kinetochore and increase tension at the leading kinetochore. When the trailing kinetochore switches from polymerization to depolymerization, Kif18A and other factors that had accumulated at kMT plus ends during polymerization could be responsible for the initially slow rate of kinetochore P movement. The time for removal of these factors from near the ends of kMTs after the onset of depolymerization may account for why the P velocity slowly increases to a maximum in the middle of P movement before tension from centromere stretch begins to slow velocity back down. [@B11] found that increasing normal metaphase spindle length by compression does not alter kinetochore directional instability or average K-K distance. This result suggests that the length of a kinetochore fiber that controls the concentration of factors like Kif18a at a kinetochore is less than or equal to the normal length of kinetochore fibers at metaphase.

A fourth source is the synchronization in switching for the multiple kMT ends within the kinetochore. Switches in PtK1 cells are not nearly as abrupt as occurs for kinetochore directional instability in newt cells ([@B44]), and yet both cell types have similar average metaphase numbers of kMTs (∼24; [@B37]; [@B5]). Electron microscopy of PtK1 kinetochores fixed in either P or AP movement shows more kMT plus ends classified as depolymerizing than as polymerizing ([@B28]; [@B47]). This suggests that the velocity profiles during P and AP movement may be the result of "unsynchronized" changes in the number of depolymerizing versus polymerizing kMT ends. In this regard, in PtK1 cells we could not find any significant difference in the lateral width of kinetochore fluorescence (related to number of kMTs; [@B37]) between nonoscillating kinetochores of chromosomes at the periphery of PtK1 spindles and oscillating kinetochores of chromosomes within the middle of the spindle.

Why does average centromere stretch for bioriented chromosomes increase from prometaphase to metaphase?
-------------------------------------------------------------------------------------------------------

We propose that each occupied kMT binding site at a kinetochore produces a unit of force (active pulling during depolymerization; resistive pulling during polymerization; [@B13]; [@B20]; [@B25]). The half-life of kMTs increases from prometaphase to metaphase ([@B54]; [@B33]; [@B8]; [@B9]), resulting in an increase in occupancy of kMT attachment sites between prometaphase and metaphase ([@B33], [@B32]). This increase in occupancy correlates with the increase in average centromere stretch ([Figure 2](#F2){ref-type="fig"}). During the initial prometaphase congression of chromosomes to the equator in PtK1 cells the situation is different. Kinetochore force appears to be dependent not only on kMT number ([@B21]), but also on MT motor proteins, such as cytoplasmic dynein and CENP-E, that concentrate at kinetochores with few or no kMTs ([@B14]; [@B18]; [@B3]).

What controls switching between net depolymerization and net polymerization phases?
-----------------------------------------------------------------------------------

The mechanisms controlling switching within kMT attachment sites are a major unsolved and controversial issue. Our data are consistent with the tension-dependent "slip clutch" mechanism ([@B44], [@B42]; [@B39]; [@B25]). In this model, the probability of switching from depolymerization to polymerization increases sharply at high tension similar to the response of force-induced dissociation of two proteins or unfolding of a protein ([@B42]). Conversely, the probability of switching from polymerization to depolymerization increases sharply at low tension, in order to let two proteins associate or a domain to refold by their thermal motion. Experimental data in newts clearly show that P-to-AP switches depend on polar ejection forces ([@B42]; [@B19]). For purified budding yeast kinetochores attached to the plus ends of pure tubulin microtubules in vitro, high tension promotes rescue of depolymerizing ends back to polymerization and inhibits catastrophe, the switch from polymerization to depolymerization ([@B1]). However, the tension model fails by itself to explain why depleting the chromokinesin Kid stops metaphase kinetochore oscillations in human cells ([@B23]), why chromosomes at the periphery of PtK1 cells do not exhibit regular oscillations while their centromeres are stretched to a similar average length ([Figure 2B](#F2){ref-type="fig"}), and why depleting Kif18A in HeLa cells causes a major decrease in the average K-K centromere stretch, an increase in kinetochore velocities, and an increase in the extent of kinetochore oscillations away from the equator ([@B45]; [@B16]).

We found that the initially trailing kinetochore almost always switches first to net depolymerization and P movement when both sisters are moving AP ([Figure 6D](#F6){ref-type="fig"}). Both the lower tension from polar ejection forces near the equator and higher Kif18A concentration may work together to ensure that the initially trailing kinetochore switches first.

A major unanswered question is how cooperative switching is produced among the ∼24 kMT attachment sites in kinetochores exhibiting regular oscillations, although a number of models have been proposed ([@B21]; [@B17]; [@B29]; [@B24]; [@B2]; [@B49]). Uncoordinated switching among attachment sites would stop persistent durations and regular oscillations typical of kinetochore directional instability (e.g., merotelic kinetochores; [@B7]). Oscillations in kinetochore protein composition, like that reported for CENP-H and CENP-I ([@B2]; [@B49]), or oscillations in kinase activity could control switching if their activity was regulated by stretch of the centromere proximal to a kinetochore or by tension-induced changes in intrakinetochore stretch ([@B41]; [@B30]). It will be interesting to see how all these potential mechanisms integrate together to coordinate the cooperative switching of kMT plus ends between depolymerization and polymerization states to produce K-K centromere oscillations at twice the frequency of kinetochore directional instability.

MATERIALS AND METHODS
=====================

Cell culture, microinjection, and microscopy
--------------------------------------------

PtK1 cells were maintained in Ham\'s F-12 medium (Sigma-Aldrich, St. Louis, MO) complemented with 10% fetal bovine serum, antibiotics, and antimycotic and grown at 37°C, in a humidified incubator with 5% CO~2~. For experiments, PtK1 cells were grown on acid-washed, sterilized coverslips in 35-mm Petri dishes. Microinjection and live-cell imaging of metaphase PtK1 cells were performed as described ([@B7], [@B4]). The kinetochore marker was Alexa 488--labeled antibody to CENP-F, a peripheral kinetochore protein. MTs were labeled by microinjection of X-rhodamine--labeled tubulin.

We used a Nikon TE300 inverted microscope with a Yokogawa spinning disk confocal CSU10 unit (PerkinElmer Life Sciences Wallac, Gaithersburg, MD) to acquire time-lapse images through a 60× or 100×/1.4 numerical aperture Plan Apochromatic differential interference contrast objective lens. The camera was an Orca ER cooled CCD (Hamamatsu Photonics, Bridgewater, NJ). We used an argon/krypton laser and 488- and 568-nm filters in an excitation filter wheel (Sutter Instruments, Novato, CA). Sequential 488- and 568-nm fluorescence images were acquired every 15--20 s for one focal plane using MetaMorph software (Molecular Devices, Sunnyvale, CA). Exposure time was 500--1000 ms. The camera\'s pixel scale is 0.107 μm/pixel (no binning; 60×) and 0.13 μm/pixel (2 × 2 binning; 100×). Stage temperature was maintained at 35°C using an air curtain incubator (ASI 400; Nevtek, Williamsville VA).

Kinetochore detection
---------------------

A customized software program was developed in Matlab (MathWorks, Natick, MA) to detect and track the positions of the kinetochores. Images acquired during the experiments were first loaded into the program. Then they were processed with a Gaussian smooth filter to suppress the background noise. The pixels with the highest intensity values among their neighbors in the processed images were identified as candidates. Only those pixel intensity values that were above a certain threshold were chosen as valid detections. Lowering the threshold would result in the detection of more kinetochores that were less bright but would also pick up background noise as signals. The program parameters allowed adjustment of the threshold level to identify as many kinetochores as possible without introducing too much noise.

Kinetochore localization
------------------------

Kinetochore position was first represented by the *x*, *y* coordinates of the pixel with maximum brightness. The more accurate position of the kinetochore was then obtained by the two-dimensional (2D) Gaussian fitting method. The original image of the kinetochore, generally the size of a 9 pixel by 9 pixel region, was fitted by a 2D Gaussian function using a least-squares curve-fitting method to find the centroid of the signal. The *lsqcurvefit* function of Matlab was used to conduct the fitting. The centroid was used as the localization of the kinetochore. This method allowed subpixel accuracy. Localization of the pole position was identified using similar approaches when the pole was visible. If the pole was out of focus, its localization was determined by the converging point of the kMT fibers.

Kinetochore tracking
--------------------

A nearest-neighbor method was used to track the kinetochore over time. The program searches the closest point in the following frame within a certain radius. The tracking was performed automatically, but editing functions were built into the program to allow visual correction of any tracking errors. In addition, tracks could be joined, cut, or terminated.

Kinetochore switch point
------------------------

The distance between kinetochores and their corresponding attached poles along with the distance between the sister kinetochores was calculated using the centroid positions obtained as described. On the kinetochore-to-pole distance curve, local minimum and local maximum points were selected as kinetochore switch points. Local minimum points were P-to-AP switch points. Local maximum points were AP-to-P switch points. Local minimum and maximum points were also recorded from the kinetochore-to-kinetochore distance curve. A *t* test was performed on the time difference between two events by Matlab functions ttest and ttest2.

Oscillation frequency
---------------------

Using the Matlab *fft* function, we performed a Fourier transform on both the kinetochore-to-pole distance data and the kinetochore-to-kinetochore distance data to obtain the oscillation frequency. The primary peak frequency of the Fourier transform result was taken as the oscillation frequency.

Simulations of oscillations
---------------------------

Simulations of kinetochore oscillations were generated with different wave forms using Matlab software (Supplemental Figure S1). Wave forms include sine wave, symmetric triangle wave, and asymmetric triangle wave. Two waves were used in each simulation, showing the motion of sister kinetochore oscillations. The waves also represented the distance between the pole and kinetochore. To simplify the simulation, sister kinetochores were put on the pole-to-pole axis. Similar amplitude and period values ([Table 1](#T1){ref-type="table"}) from real kinetochore oscillations were used in all the simulated wave forms. The kinetochores were positioned in such a way that AP-to-P switches occurred near the equator. The K-K distance was then calculated to show the oscillation frequency. The simulation of in vivo kinetochore oscillations used the P and AP kinetic profiles ([Figure 4, A and B](#F4){ref-type="fig"}). Oscillation amplitude and period ([Table 1](#T1){ref-type="table"}), as well as the position of the kinetochores, were implemented as described, except that the relative position of the sister kinetochore directional instability was adjusted to achieve the average centromere stretch value of ∼2.2 μm.
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